Abstract-A modified and improved synthesis of 10-isobornylsultone in three steps and in 81 % overall yield starting from (+)-camphor-10-sulfonic acid is described. The synthesis proceeds by methyl sulfonate ester formation, stereoselective reduction and base-catalyzed intramolecular cyclisation.
Introduction
Derivatives of the bicyclic monoterpene (+)-camphor have been widely used both as chiral control elements in asymmetric synthesis and as chiral templates in enantispecific natural product syntheses owing to its rigid bicyclic structure.
1 One such derivative is (−)-10-isobornylsultone 1 (Figure 1 ). The known 2 thermal rearrangement of sultone 1 to sultone 2 has been exploited in the enantiospecific total syntheses of β-santalol 3 and β-santalene, 4 which are the two main constituents of East Indian sandalwood oil. In addition, sultone 1 is a key precursor to several important chiral auxiliaries. Cleavage of the S-O bond of 1 with various nucleophiles gives rise to isoborneol sulfonamides 3, 5 isoborneol arylsulfones 4 6 and to 10-mercaptoisoborneol 5 7 which have all been frequently employed as chiral auxiliaries in asymmetric synthesis. [8] [9] [10] [11] Sultone 1 has been previously synthesized by the sulfonation of camphene using acetic anhydride/fuming sulfuric acid, 2a or by the reduction of (+)-camphor-10-sulfonic acid with sodium borohydride followed by exposure of the intermediate sodium isobornylsulfonate salt to p-toluenesulfonyl chloride in pyridine. 2c,3,5,6a In a more recent report, Kaye obtained sultone 1 as a minor byproduct (4 % yield) during the reduction of phenyl (+)-camphor-10-sulfonate with sodium borohydride in H 2 O/EtOH at −8 o C, with the sultone 1 becoming the sole product (94 % yield) when the reduction was performed at 25 o C in absolute ethanol. 12 In this paper, we wish to report a modified and improved synthesis of sultone 1 13 which we have serendipitously discovered. 
Results and Discussion
During the course of our ongoing studies on the utility of camphor-derived sulfones as novel chiral auxiliaries in asymmetric synthesis, 14 we required a short synthesis of the methyl sulfonate ether intermediate 9. We proposed to synthesize 9 by the route outlined in Scheme 1. 
NaBH 4 MeOH
Accordingly, methyl sulfonate ester 7 was conveniently obtained in 90 % yield by treating (+)-camphor-10-sulfonic acid 6 with trimethyl orthoacetate according to the procedure of Gopalan. 15 Reduction of 7 with excess sodium borohydride in methanol proceeded with high stereoselectivity to afford the novel exo-configured isoborneol sulfonate ester 8 along with ca. 10 % of its endo-configured borneol isomer 10 in 95 % combined yield as determined by 1 H NMR spectroscopy (Scheme 2). This mixture was used in the next step without further purification. The exo-alcohol 8 was characterized by a double doublet at ca. δ 4.1 ppm for the C2 endo-methine proton as well as a pair of doublets at ca. δ 3.0 and 3.6 ppm corresponding to the methylene protons adjacent to the sulfonate ester group.
Treatment of 8 with sodium hydride in the presence of methyl iodide in dry THF at ambient temperature for 1 hour failed to afford the desired methyl ether 9 (Scheme 1). Instead, isobornyl sultone 1 was obtained as the sole product. When the reaction was repeated under identical conditions in the absence of methyl iodide, sultone 1 was obtained in 60 % yield. Performing the cyclisation reaction at 0 o C for 1 hour resulted in a greatly improved yield of 1 of 95 % (Scheme 3). The NMR spectroscopic details of 1 were identical to those published by Pinho e Melo. Interestingly, carrying out the reaction at ambient temperature for 24 hours afforded 1 in a much lower 15 % yield. Evaporation of the aqueous phase from this reaction furnished an off-white solid whose 1 H NMR spectrum in D 2 O suggested the presence of the corresponding sodium isobornylsulfonate salt, 16 which was most likely obtained by simple methanolysis or hydrolysis of the sulfonate ester group of 8. Inspired by Kaye's synthesis of 1 via reduction of the analogous phenyl sulfonate ester followed by cyclisation, 12 we next sought to synthesize the sultone 1 from the ester 7 in a one-pot procedure via reduction of 7 and subsequent base-catalyzed cyclisation in situ. However, these attempts met with limited success. Various reductions of 7 with excess (3-4 equivalents) sodium borohydride in methanol or in isopropanol, and subsequent additions of potassium tert-butoxide (1 equivalent) led at best to mixtures of 8 and sultone 1 (8:1 ratio ranging from 17:1 to 1:1.3) in overall yields no higher than 44 %. The reduced tendency of sulfonate ester 8 to cyclise to 1 under these conditions compared to Kaye's phenyl sulfonate ester (which cyclises smoothly to 1 in the absence of additional base) 12 can be attributed to the greater leaving group ability of the phenoxy-group in the latter compound.
Scheme 3.
However, the new synthesis of 10-isobornylsultone 1 reported herein has several advantages compared to previous syntheses reported in the literature. Firstly, the one-step esterification of (+)-camphor-10-sulfonic acid 6 to form 7 using trimethyl orthoacetate is superior to the literature synthesis of the analogous phenyl sulfonate ester, 17 which has to be carried out in two steps from 6 (ie: conversion of 6 into (+)-camphor-10-sulfonyl chloride using thionyl chloride, followed by treatment of the product with phenol in pyridine), and which employs toxic (phenol, pyridine) and corrosive (thionyl chloride) reagents. 18 Secondly, the optimized synthesis of 1 reported herein proceeds in higher overall yield (81 %) than previous syntheses of 1 from either (+)-camphor-10-sulfonyl chloride (76 %) 12 or from (+)-camphor-10-sulfonic acid 6 (44 % overall by Kaye's method, 12 75 % overall when thionyl chloride is used to convert 6 to (+)-camphor-10-sulfonyl chloride 19 ). Finally, our reduction of the sulfonate ester 7 to yield 8 requires a smaller excess of sodium borohydride (3 equivalents) than Kaye's reduction of the analogous phenyl sulfonate ester (which requires 10 equivalents of sodium borohydride). 
Conclusion
We report herein an unexpected and improved synthesis of (−)-10-isobornylsultone 1 from (+)-camphor-10-sulfonic acid 6. This modified and convenient synthesis delivers 1 in three steps from 6 in a high overall yield of 81 % without the need for column chromatography or the use of toxic and corrosive reagents.
Experimental

General
NMR spectra were recorded using a Bruker AVANCE DPX 400 MHz spectrometer (400. Following the procedure of Gopalan, 15 (+)-camphor-10-sulfonic acid 6 (3.0 g, 12.9 mmol) was suspended in DCM (50 mL) and trimethyl orthoacetate (8.21 mL, 64.5 mmol) was added. The resulting solution was stirred at ambient temperature for 90 minutes. Methyl sulfonate ester 7 (0.25 g, 1.01 mmol) was dissolved in methanol (10 mL) and solid sodium borohydride (0.115 g, 3.04 mmol) was added. The solution was stirred at ambient temperature for 1 hour. Acetic acid (2 mL) was added and sodium carbonate was added until the pH was neutral. The mixture was diluted with ethyl acetate (100 mL) and washed with water (50 mL) and saturated aqueous sodium hydrogen carbonate (2 × 50 mL), dried and evaporated to afford the title compound 8 as a colourless oil (0.24 g, 95 %) contaminated with ca. 10 % of the corresponding endo isomer 10. IR ν max (L) 3554 (O-H), 2957, 2883, 1456, 1352 (S=O), 1257, 1166 (S=O), 1076, 992, 879, 807, 746 A solution of the sulfonate ester 8 (0.58 g, 2.33 mmol) in dry THF (10 mL) was added to a suspension of sodium hydride (0.14 g, 60 %, 3.50 mmol, 1.5 eq) in dry THF (5 mL) at 0 o C under an atmosphere of nitrogen. The solution was stirred at 0 o C for 1 hour. The solution was then diluted with H 2 O (50 mL) and extracted with DCM (3 × 50 mL). The combined organic extracts were dried and evaporated to yield a semi-solid material which crystallised in vacuo (0.1 mm Hg) to afford the title compound 1 as a white solid (0.48 g, 95 % 
